Abstract. Sperm motility is one of the most significant parameters in the prediction of male fertility. Until now, both motility analysis using an optical microscope and computer-aided sperm analysis (CASA-Mot) entailed the use of counting chambers with a depth to 20 mm. Chamber depth significantly affects the intrinsic sperm movement, leading to an artificial motility pattern. For the first time, laser microscopy offers the possibility of avoiding this interference with sperm movement. The aims of the present study were to determine the different motility patterns observed in chambers with depths of 10, 20 and 100 mm using a new holographic approach and to compare the results obtained in the 20-mm chamber with those of the laser and optical CASA-Mot systems. The ISAS Ò 3D-Track results showed that values for curvilinear velocity (VCL), straight line velocity, wobble and beat cross frequency were higher for the 100-mm chambers than for the 10-and 20-mm chambers. Only VCL showed a positive correlation between chambers. In addition, Bayesian analysis confirmed that the kinematic parameters observed with the 100-mm chamber were significantly different to those obtained using chambers with depths of 10 and 20 mm. When an optical analyser CASA-Mot system was used, all kinematic parameters, except VCL, were higher with ISAS Ò 3D-Track, but were not relevant after Bayesian analysis. Finally, almost three different three-dimensional motility patterns were recognised. In conclusion, the use of the ISAS Ò 3D-Track allows for the analysis of the natural three-dimensional pattern of sperm movement.
Introduction
Semen analysis is routinely used for the evaluation of male reproductive potential and the assessment of reproductive toxicity of environmental or therapeutic factors (Comhaire 1993; Guzick et al. 2001) . For the most part, traditional semen analysis has been performed using subjective methods, such as light microscopy. In the case of human spermatozoa, such analyses have been defined by specific manuals from the World Health Organization (WHO 2010) and by the European Society for Human Reproduction and Embryology (Barratt et al. 2011) , two internationally recognised references.
The search for a more objective and accurate means of semen analysis led to the development of computer-aided sperm analysis (CASA) during the 1980s (Bompart et al. 2018) . CASA-Mot systems based on optical two-dimensional (2D) microscopy analyse several kinematic parameters based on the position of the head centroid throughout the image sequence that was originally defined by Boyers et al. (1989) . These parameters, in addition to some introduced more recently, are used in most current CASA-Mot systems (Lu et al. 2014) .
Although CASA systems have greatly improved the accuracy of semen analysis, this technology is based on optical microscopy. The depth of field, meaning the axial distance between the nearest and the furthest planes in which the sample appears in focus, is a limiting factor. The depth of field depends on the numerical aperture and magnification of the lens, and decreases when the wavelength of the illumination and the refractive index of the medium increase. For sperm motility studies, it is common to use Â10 or Â20 objectives, with a theoretical depth of the field of approximately 8.5 or 5.8 mm respectively (Amann and Waberski 2014) .
The limitations of shallow counting chambers result in a 2D motility pattern that impedes the natural helical motion of the sperm tail. Considering that the length of the human spermatozoon is approximately 50 mm, more than 20 mm available space is needed to adequately measure sperm motility because it is considered to be helicoidal . In the case of bull spermatozoa, it was established that tail helical movement is almost 25 mm in the z-axis (Rikmenspoel 1984) and so, taking into consideration the interactions with the glass surface (Woolley 2003; Elgeti et al. 2010; Lenz et al. 2011) , the chamber depth should be almost 50 mm, which is beyond the capabilities of optical microscopy.
Another aspect to take into account is related to the use of phase contrast for the observation of moving spermatozoa (Zernike 1942a (Zernike , 1942b Shaked et al. 2012) . Two alternatives are possible: positive and negative phase contrast. Positive phase contrast is only useful for some species (bull, camelids, human, stallion) with a three-dimensional (3D) elliptical shape, in which the sperm heads tend to be white in front of a more or less grey background, whereas background particles tend to be black. In other species (boar, goat, rabbit, ram), which present a flat lateral view, the use of positive phase contrast implies that the colour of the sperm heads varies from white to black, passing through all the possible grey grades, making it impossible to discriminate them correctly. Based on this, the alternative is to use negative phase contrast, in which sperm heads of all species appear nearly white against an almost black background. The problem with this optical technique is that the background particles also appear nearly white, introducing an overestimation of real concentration. In conclusion, negative phase contrast is better for the analysis of kinematics, whereas positive phase contrast is better for more accurate estimation of concentration values.
The development in the past decade of new microscopy technologies based on laser light and holographic analysis is opening a new spectrum of possibilities for the analysis of motility patterns in a 3D image using chambers with depths .100 mm, thus solving the problems related to phase contrast (Su et al. , 2013 Merola et al. 2013; Pushkarsky et al. 2014; Memmolo et al. 2015) .
The main objectives of the present study were to use digital holographic microscopy (DHM) with the new CASA-Mot system ISAS Ò 3D-Track to perform semen analysis to assess the effects of counting chamber depth on kinematic parameters of sperm motility, and to compare these results with those obtained using optical microscopy on ISAS Ò v1 CASA-Mot system.
Materials and methods

Sample preparation
Ten boar commercial insemination doses from Semen Cardona were received after conventional refrigerated transport (less than 24 h). After homogenisation of the doses, 1 mL was placed in an Eppendorf tube that was on an ISAS Ò PC12 heated plate (Proiser, precision 0.58C) and maintained for 20 min at 378C. Then, the semen samples were diluted with Acromax (Gestión Veterinaria Porcina) as described below. The counting chambers used were ISAS Ò D4C (Proiser) chambers with depths of 10, 20 and 100 mm and samples were diluted 1 : 2 for the ISAS v1 system (Proiser), whereas they were diluted 1 : 3 for 10 and 20-mm chambers and 1 : 5 for the 100-mm chambers used in the ISAS Ò 3D-Track system (Proiser).
Optical CASA-Mot system: ISAS
Kinematic analyses were performed using the ISAS Ò v1 CASAMot system, which consisted of a video camera (M03-ON High Speed 500 fps) attached to a microscope (UB203i; UOP/Proiser) equipped with Â10 negative phase contrast objective. The resolution of the images analysed was 648 Â 488 pixels for a relationship of 0.755 mm per pixel in both axes. Samples were captured at 500 frame per second (f.p.s.) and videos were defragmented at 100 f.p.s. for comparison with images captured using the ISAS Ò 3D-Track system. Analyses were performed according to the manufacturer's recommended set-up for boar semen. From each sample, seven fields (one for each square printed on the slide) were captured and analysed. CASA-Mot systems rend a variety of kinematic parameters that were analysed and recorded in the study (Fig. 1) .
Holographic CASA-Mot system: ISAS
Ò
3D-Track
The ISAS-3DTrack system prototype (Proiser; Fig. 2 ) was used in the present study. This system comprises a lensless holographic microscope, an automatically heated stage (at 37AE0.58C) and processing software. The lensless microscope is based on multi-illumination single-holographic-exposure lensless Fresnel (MISHELF) microscopy (Sanz et al. 2015 (Sanz et al. , 2017 and is essentially a coherent imaging technique working without lenses where the digital sensor records a magnified and misfocused hologram of the sample. The magnification comes from the geometric projection of the sample from the illumination source and is a factor of the distances in the device. However, it can easily be set to regular values in the range of Â10-20. In addition, the misfocus is a direct consequence of the lensfree configuration, yet, under certain approximations, numerical back-propagation to focus at the sample plane is possible. From the holographic images obtained, it is possible to generate phase contrast images or any other imaging modality without significantly increasing computational time.
A set of video movies was recorded with a digital sensor (Ximea Model MQ042CG-CM; Proiser) at a frame rate of 100 f. p.s. with a total duration of 1 s per video. Once the video movies were recorded, they entered a pipeline where the final result consisted of a focused image of the sperm cells moving along the recorded field of view. For the 10-and 20-mm chambers, all sperm cells appeared as focused by considering numerical propagation to a single plane. However, for the 100-mm chamber, there was a high number of planes containing some sperm cells in focus. The software is capable of tracking the 3D position of each analysed sperm cell in time and so that a full trajectory of the cell can be plotted and considered for computing all the parameters associated with the cell's 2D (by projection) and 3D kinematics.
In short, the x,y position of each spermatozoon was computed following local standard deviation minimisation criterion in a small region of interest (ROI) close to the cells: the x,y coordinates of spermatozoa were taken directly from the centroid positions of the head projections. The z coordinate was then added to this coordinate vector by taking into account the numerical propagation distance retrieved from the algorithm at the position where the x,y coordinates were set. Then, the x,y,z coordinate vector was converted into a matrix by adding the temporal coordinate incoming from the frame number. Finally, the 3D trajectory of each spermatozoon could be constructed by linking the detected points across the recorded frames using conventional predicting tools (Kalman filters).
Statistical analysis Classical analysis
To investigate the effects of chamber depth on sperm velocity, general linear models (GLM) were performed on all CASA-Mot parameters entered as response variables. Male number was entered as a fixed factor to control for individual variation. In each model, the dependent variable was the selected kinetic parameter (i.e. curvilinear velocity (VCL)) and the independent variable was the treatment. Data normality and homogeneity of variances were verified using ShapiroWilk normality tests and Levene's tests respectively. For CASA-Mot variables, a repeated-measures analysis of variance (ANOVA) was performed to determine whether differences were associated with depth (mm). Data are presented as the means AE s.d. Pearson's correlations were performed between the CASA-Mot sperm parameters of motility of the different types of chambers. All statistical analyses were performed using InfoStat Software (v. 2017) for Windows (Di Rienzo et al. 2017) . For all tests in the present study, statistical significance was accepted at two-tailed P , 0.05.
Bayesian analysis
Differences in sperm motility indicators were estimated with a model including the effect of chamber depth as a permanent effect. Male number was included as a random effect. All analyses were performed using Bayesian methodology. The posterior mean of the difference between chambers (D), the highest posterior density region at 95% (HPD 95% ) and the probability of the difference being positive when D . 0 or negative when D , 0 (P 0 ) were calculated. Bounded uniform priors were used for all effects. Residuals were a priori normally distributed with mean 0 and variance s 2 e . We considered one-third of the s.d. of a trait as a relevant value (R), and we also calculated the probability of relevance (P R ; i.e. the probability of the difference being greater than R when D . 0 or lower than R when D , 0). The priors for the variances were also bounded uniform. Features of the marginal posterior distributions for all unknowns were estimated using Gibbs sampling. Convergence was tested using the Z criterion of Geweke (Sorensen and Gianola 2002) and Monte Carlo sampling errors were computed using time series procedures described in Geyer (1992) . The Rabbit program, developed by the Institute for Animal Science and Technology (Valencia, Spain), was used for all procedures.
Results
Effects of counting chamber depth using ISAS Ò
3D-Track
There were no significant differences between the 10-and 20-mm chambers in values obtained for head area, average path velocity (VAP), linearity (LIN), straightness (STR), amplitude of lateral head displacement (ALH) and medium dance (DM), but values were higher for VCL, straight line velocity (VSL), wobble (WOB) and beat cross frequency (BCF; Fig. 1 ). Values for all kinematic parameters were higher when the 100-mm chamber was used, with the exception of the head area, which was lower (Table 1) .
There was no correlation between head area, LIN, STR and WOB values and different chambers depths, whereas there was a significant positive correlation for VSL, VAP, ALH and BCF with chamber depth, although r values were low; only VCL showed a strong positive correlation, with r . 0.87 (Table 2) .
Bayesian analysis of the data showed that all variables exhibited relevant differences between the 100-mm chambers and the 10-and 20-mm chambers, with only ALH and DM exhibiting relevant differences between the 10-and 20-mm chambers (Table 3) .
Differences between optical and laser CASA-Mot systems
Values for all kinematic parameters, except VCL, were higher when the ISAS Ò 3D-Track system was used (Table 4) . There was no correlation in head area, LIN, STR and WOB between the two systems. There was a significant correlation between the two systems for VSL, VAP, ALH, BCF and DM, albeit with low r values, and only VCL showed a significant correlation with a high r value (r ¼ 0.83; Table 5 ).
Bayesian analysis of the data showed that even when significant differences were identified suing classical probabilistic statistics, the differences between VCL, VSL, STR, BCF and head area should be considered non-relevant (Table 6 ).
3D sperm motility patterns
Several different 3D movement patterns were recognised, even though their kinematic values were not calculated. These included straight line horizontal patterns, patterns that changed in depth and circular patterns (Fig. 3) .
The list of parameters that the system included were the classical CASA-Mot although calculated for the 3D-Track. In addition, rotation speed (revolutions per second (RPS)) was also calculated. The RPS represents the angular frequency of the linear function that best fits the temporal evolution of the rotation angle of the sperm head. Therefore, this new parameter Table 3 . Kinematic boar sperm parameters and estimated marginal posterior distributions of differences between chambers of different depth (n 5 4757) C 1 , 100-mm deep chamber; C 2 , 10-mm deep chamber; C 3 , 20-mm deep chamber; D, mean of the marginal posterior distribution of the difference L -I, where L is ISAS3DTrack and I is ISASv1; HPD 95% , highest posterior density region at 95%; P 0 , probability of the difference being greater than zero when D . 0, and lower than zero when D , 0; P R , probability of the difference being greater than R when D . 0, and less than R when D , 0; VCL, curvilinear velocity; VSL, straight line velocity; VAP, average path velocity; LIN, linearity; STR, straightness; WOB, wobble, ALH, amplitude of lateral head displacement; BCF, beat cross frequency; DM, medium dance 
Discussion
Semen analysis is the basic diagnostic tool for the determination of male fertility. It is essential in the andrological evaluation of human fertility and the fertilising potential of semen used in AI in farm animals. Although optical microscope-based CASAMot systems have demonstrated greater accuracy in motility assessment compared with subjective methods (Amann and Waberski 2014) , these automated systems are not immune to artefacts in the measurement of sperm motility due to chamber depth and the evaluation of sperm morphology due to staining processes (Soler et al. 2016) . Commercial CASA-Mot systems allow the determination of multiple kinematic parameters (VSL, VCL, LIN etc.) including an in-plane focused image of the cells typically visualised under phase contrast microscopy or fluorescent imaging. However, CASA-Mot systems do not provide information for cells outside the focal plane. For this reason, standard counting chambers have a typical depth of 10-20 mm depending on the depth of field of the microscope lens and the selected application. Therefore, they are restricted by depth because only the in-focus cells are taken into account (Bompart et al. 2018) .
As with most biological samples, spermatozoa are essentially transparent, appearing almost invisible under regular brightfield microscopy. However, they introduce a variation in the light phase in comparison with the surrounding medium incoming from a slightly higher refractive index value (Allen et al. 1995) . Thus, classical phase contrast enhancement techniques (Zernike 1942a (Zernike , 1942b Hoffman and Gross 1975) and recent developments (Fürhapter et al. 2005; Situ et al. 2010; Iglesias 2011) have enabled the qualitative visualisation of phase samples. Recently, quantitative characterisation of phase samples has become a reality because of the development of a wide range of techniques based on interferometric principles (Kim 2010; Popescu 2011; Shaked et al. 2012; Marquet et al. 2014; Majeed et al. 2017) . In particular, DHM has been demonstrated to be a powerful and versatile tool in sperm analysis, providing information regarding both the morphology and motility of sperm cells (Micó et al. 2010; Memmolo et al. 2011 Memmolo et al. , 2015 Merola et al. 2013; Coppola et al. 2014; Di Caprio et al. 2015) . DHM combines, into a single platform, high-quality imaging provided by microscopy, whole-object wavefront recovery provided by holography and numerical processing capabilities provided by computers (Micó et al. 2010) .
DHM retrieves sample information and imaging through planes of focus by numerical refocusing of a single 2D holographic image at different depths of the whole object; therefore, a 3D environment is reconstructed, thus eliminating the need to restrict chamber depth to 20 mm. This enables the analysis of cells moving in a more natural fashion and in a more realistic 3D environment without being forced to creep within a thin chamber.
Within DHM there is an interesting discipline that is commonly referred as digital in-line holographic microscopy or lensless holographic microscopy (LHM). The idea is to remove the imaging lenses in the layout, thus simplifying it and reducing costs as well as dimensions. The concept was proposed by Hungarian physicist Dennis Gabor while working in the field of X-ray imaging during the 1940s (Gabor 1948 ) which led to the invention of holography. The idea was applied to the optical range a few years later (Rogers 1952 ) and upgraded to the digital domain at the beginning of the present century (Jericho et al. 2006; Repetto et al. 2004) . Nowadays, LHM is a wellestablished technology with a considerable number of biomedical applications (Jericho et al. 2006; Heng et al. 2006; Cui et al. 2008; Frentz et al. 2010; Greenbaum et al. 2012; Perucho and Micó 2014; Sanz et al. 2015) .
The results presented in this study constitute the first approach to the use of a commercial prototype based on LHM for the analysis of 2D tracks, comparing the values obtained using counting chambers with different depths and both opticalbased and LHM-based CASA-Mot systems. LHM has enabled the definition of a new generation of cost-effective, lightweight, Table 6 . Kinematic boar sperm parameters and estimated marginal posterior distributions of differences between CASA-Mot systems (n 5 4779) D, mean of the marginal posterior distribution of the difference L -I, where L is ISAS3DTrack and I is ISASv1; HPD 95% , highest posterior density region at 95%; P 0 , probability of the difference being greater than zero when D . 0, and lower than zero when D , 0; P R , probability of the difference being greater than R when D . 0, and less than R when D , 0; VCL, curvilinear velocity; VSL, straight line velocity; VAP, average path velocity; LIN, linearity; STR, straightness; WOB, wobble, ALH, amplitude of lateral head displacement; BCF, beat cross frequency; DM, medium dance compact and portable imaging platforms that greatly improve rapid and accurate diagnosis (Mudanyali et al. 2010a (Mudanyali et al. , 2010b Isikman et al. 2011; Lee et al. 2011 Lee et al. , 2014 Greenbaum et al. 2013; Pushkarsky et al. 2014; Sanz et al. 2017) . In particular, LHM has been applied to sperm analysis, showing 3D trajectories of the sperm cells in a relatively deep (100 mm) counting chamber (Sanz et al. 2017) , revealing helical and twisted ribbon trajectories (Su et al. , 2013 . Classical probabilistic statistics have shown that values for all the kinematic parameters increased with the depth of the counting chamber. Even between counting chambers with depths of 10 and 20 mm, the differences observed were significant for some of kinematic parameters. When the 100-mm chamber was used, the increment was not only significant but .11% in all cases. When Bayesian statistics were used, only values of ALH, DM and head area showed relevant differences between the 10-and 20-mm chambers, whereas the observed differences were relevant in all cases when comparing the 100-mm chamber with the 10-and 20-mm chambers.
These results indicate that sperm cells show significant changes in their motility patterns when they move in a more natural fashion in a 3D setting without interference from glass surfaces.
Regarding the results of the comparison between optical and laser CASA-Mot systems, statistical analysis using a probabilistic approach showed differences between these two systems. This is due, in part, to the high number of cells analysed in each case. Looking at the relative variation, it was not so high. The fact that Bayesian statistics did not find relevant differences between both systems for VCL suggests that this new technology can be used indistinctly for the definition of boar sperm kinematics, and thus this new technique could be used for seminal dose calculation. Combining these results with the correlation analysis, it would be possible to establish a relationship between the data obtained in the past using the optic system and data corresponding to the new laser technology.
Considering that laser technology can also provide 3D analysis, we propose to introduce and define a new approach combining 2D and 3D information. Although data derived from the 3D analysis were not included in the present study, their inclusion in the future may provide important new information that could be used to obtain a more accurate definition of sperm cell movement (Su et al. , 2013 . It will also enable definition of sperm tail mechanics. However, the sperm tail, which is less than 1 mm in width, usually exhibits very weak light scattering, thus reducing the ability to analyse the sperm tail using holographic technology because it will likely be hidden by sperm head dynamics (,5 mm range, depending on species; for reviews, see Cummin and Woodall 1985; Yániz et al. 2015) .
Further applications
Residence in the cervical mucus is an important part in the process of sperm transport through the female reproductive tract in most mammals. However, the measurement of sperm motility inside the cervical mucus (Barratt et al. 1989) , an inherently polydisperse and non-homogeneous material (Katz et al. 1978) , is not possible with the use of the counting chambers currently used for semen motility analysis (depth up to 20 mm). In the natural medium of the cervical mucus, spermatozoa face variations in the microphysical environment that cannot be reproduced in the artificial low-viscosity media used for semen processing and analysis (Satake et al. 2006; van Gestel et al. 2007; Smith et al. 2009; Hunter et al. 2011; Olson et al. 2011) . All the studies performed to date measuring sperm motility in the cervical mucus were based on subjective methods of analysis, and sperm motility in the cervical mucus could not be analysed using classical CASA-Mot systems (WHO 1992) . This limitation resulted in the progressive disappearance of this test in standard human semen evaluation.
Quantitative information of the kinetics of sperm penetration and residence in the cervix and cervical mucus is available for humans (Sobrero and MacLeod 1962; Tredway et al. 1975; Katz et al. 1978; Ola et al. 2003) and other mammals (Morton and Glover 1974; Cox et al. 2002; Holt and Van Look 2004) . In the case of humans, the three first editions of the WHO manual for semen analysis included the study of the interaction of semen with the cervical mucus (WHO 1992) . Although it was assumed that progressive motility was a good indicator of cervical mucus penetration, progressive motility by itself ignores potential changes in sperm function within the cervical mucus environment. Unfortunately, this approach was time consuming and its presence in the literature has almost disappeared. In our opinion, this kind of functional approach offers interesting information that must be reconsidered for a better evaluation of sperm function.
In addition, the ability to perform 3D analysis at greater (counting chamber) depths will allow the study of the interactions between spermatozoa and oocytes in different species (Hay et al. 1997; McLeskey et al. 1997; Mengerink and Vacquier 2001; Nixon et al. 2007; Bobe and Labbé 2010) .
Other important applications of the 3D CASA-Mot technology involve the study of chemotaxis in both research (Spehr et al. 2003; Böhmer et al. 2005) and clinical (Teves et al. 2006) settings. The use of high-depth chambers makes it possible to design future devices in which microfluidic movement can be defined (Knowlton et al. 2015; de Wagenaar et al. 2016) .
Another potential application would be the evaluation of sperm hyperactivation during sperm capacitation (Yanagimachi 1970) . This modality of sperm motility has been described in a great variety of mammals (Fraser 1977; Cummin 1982; Swan 1995a, 1995b) and may be involved in the final ascent of spermatozoa to the site of fertilisation in the tubal ampulla and/or in the generation of flagellar thrust required for cumulus and zona pellucida penetration (Morales et al. 1988) . Classical optic CASA-Mot systems failed to provide correct evaluation of sperm hyperactivation because for real hyperactivated motility to be accurately measured, deep chambers should be used, thus allowing the sperm cells to have real movement, and a frame rate of almost 60 f.p.s. must be used (Mortimer and Swan 1995b) . A recently published consensus between CASA-Mot users has emphasised the importance of using chambers with depth $30 mm to allow unconstrained flagellar movement for hyperactivation analysis (ESHRE Andrology Special Interest Group 1996) . When hyperactivation was measured at 100 Hz, the observed beat frequency was #29.4 Hz, below the Nyquist number (where the frequency of the event must be less than half the frequency of the observations), indicating that the value obtained was not subject to aliasing (Mortimer et al. 1997) . The use of chambers with a depth of 100 mm and a frame rate of 100 f.p.s., as demonstrated herein, opens up the possibility for a more accurate analysis of this sperm parameter.
In conclusion, the increase in counting chamber depth has a significant effect on sperm motility kinematic parameters, which become higher as chamber depth increases. Although the use of classical chambers for the optical microscope and CASA-Mot systems (depths of 10 and 20 mm) results in similar values for most kinematic parameters, the introduction of 100-mm chambers results in a much higher speed, indicating a more natural cellular movement that is not affected by the glass surfaces. When counting chambers with depths of 10 and 20 mm were used, the differences for most of the kinematic parameters between optical and laser CASA-Mot systems were not relevant after Bayesian analysis. This means that the new 3D technology can be introduced for the routine analysis of boar semen in an equivalent manner to the way optical CASA-Mot systems have been used up to now. In addition, laser CASA-Mot systems offer a battery of new 3D parameters that could be used to improve our knowledge of sperm motility behaviour in different natural environments.
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